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Abstract

Objective: This study investigated the effects of leptin on intestinal flora and inflammation in
mice with high-fat diet (HFD)-induced obesity.

Methods: Mice were fed an HFD for 8 weeks; some were concurrently administered oral leptin
for 4 weeks. Pathological changes in adipose tissue were detected using hematoxylin—eosin
staining; endotoxin content in adipose tissue was measured by enzyme-linked immunosorbent
assay. Intestinal flora were characterized by |6S bacterial rDNA sequencing. Levels of Toll-like
receptor 4 (TLR4), nuclear factor-xB inhibitor o (IxB-o), and phosphorylated c-Jun N-terminal
kinase (p-JNK) were detected by western blotting.

Results: Mice in the HFD group exhibited weight gain, elevated endotoxin content, and
adipocyte hypertrophy, compared with the non-obese control group. Moreover, abundance
of bacteria in the Bacteroides genus and community diversity were both reduced in the HFD
group; reductions also were observed at corresponding phylum, class, and order levels. Levels of
TLR4, 1kB-2, and p-JNK were also elevated in the HFD group. Compared with the model group,
leptin administration reduced the weight gain and endotoxin content, while increasing Bacteroides
abundance and community diversity; it also reduced the levels of TLR4, IxB-u, and p-JNK.
Conclusion: Leptin administration improved intestinal flora dysfunction and inflammation in
mice with HFD-induced obesity.
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Introduction

Obesity is characterized by weight gain and
fat layer dysfunction.' The main reasons for
obesity are excessive dietary intake and lack
of physical activity, which lead to absolute
or relative accumulation of energy.” The
relationship between obesity and intestinal
microflora has been gradually recognized.®*
An imbalance in intestinal microflora struc-
ture causes an elevated number of opportu-
nistic pathogens and pathogenic bacteria,
thereby increasing the production of endo-
toxin; endotoxin and other adverse micro-
bial metabolites affect gene expression and
function in intestinal epithelial cells, which
results in elevated intestinal mucosal barrier
permeability.” The accumulated toxins
induce low-grade, chronic inflammation at
the systemic level; this continuous inflam-
matory reaction is an important pathogenic
factor that negatively affects individuals
with obesity.°

Leptin is a bioactive protein with a
molecular weight of 16 kDa. Its three-
dimensional structure is similar to that of
IL-6 family cytokines and consists of four
a-helix bundles.” Leptin is mainly secreted
by adipocytes; it also exists in primary and
secondary lymphoid organs. As an energy
regulator, leptin controls satiety by stimu-
lating the central nervous system and regu-
lating the internal balance of glucose and
insulin; these mechanisms have important
metabolic and immune regulatory effects.®
Leptin is synthesized and secreted by adipo-
cytes, which are mainly involved in regula-
tion of food intake and consumption
of energy.” Leptin is presumed to be an
anti-obesity hormone; thus, leptin therapy
is proposed to prevent obesity and other
diseases (e.g., hypertension and diabetes
mellitus) through binding interactions with
leptin receptors.'”

The intestinal microflora are members
of a complex ecosystem with more than
400 bacterial species. Recent studies have

shown that intestinal microflora dysfunc-
tion could contribute to a series of dis-
cases,'! especially obesity,'*  possibly
through changes involving inflammation.'?
Notably, leptin has been reported to mod-
ulate intestinal microflora composition in
mice.'? However, it remains unclear wheth-
er leptin regulates intestinal flora in high-fat
diet (HFD)-induced obesity. In this study,
the effects of leptin on intestinal flora and
inflammation were investigated in mice with
HFD-induced obesity. The results may be
useful for understanding the anti-obesity
activity of leptin.

Materials and methods

Animals and modeling protocol

Male C57BL/6 mice were purchased from
Hunan  Shrek  Jingda  Experimental
Company (License No: scxk (Hunan) 2016-
0002). This study was approved by the Ethics
Committee of People’s Hospital of Nanchang
University (approval no. 2020081).

Forty-eight mice were randomly divided
into four groups (n=12 mice per group):
normal diet (control), HFD, HFD +
0.5mg/kg leptin group (0.5mg/kg), and
HFD + 1.0mg/kg leptin (1.0mg/kg). Mice
in the control group were fed a normal
diet for 8 weeks; mice in the HFD group
were fed an HFD for 8 weeks. In the
0.5mg/kg and 1.0 mg/kg treatment groups,
after 4 weeks of HFD consumption, leptin
(cat. no. 25973, MedChemExpress) was
orally administered once per day for the sub-
sequent 4 weeks (0.5mg/kg and 1.0mg/kg,
respectively). Mice were given free access to
water and their designated diet. Their
weights were also recorded. At the end of
the 8-week experiment, all mice were anes-
thetized with isoflurane (5%) and decapitat-
ed. Adipose tissue and intestinal contents
were collected and stored at —80°C for sub-
sequent experiments.
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Hematoxylin—eosin staining

Adipose tissues were fixed in 4% parafor-
maldehyde and dehydrated in a graded eth-
anol series, then embedded in paraffin
and divided into 10-um-thick sections.
Paraffin sections were baked, dewaxed,
and rehydrated. They were then incubated
in hematoxylin for 3 minutes and eosin for
3 minutes. After sections had been washed,
they were dehydrated, sealed, and examined
under a microscope (BXS51, Olympus,
Tokyo, Japan).

Endotoxin measurement

Endotoxin levels in adipose tissue were
determined using an endotoxin assay kit
(cat. no. MM-0369M1, MLBIO, Shanghali,
China), as previously described.'* Results
were expressed as endotoxin units per milli-
liter. All determinations were performed in a
blinded manner.

Community diversity analysis

Genomic DNA was isolated using a
Bacterial DNA Purification Kit (Merck,
Kenilworth, NJ, USA), in accordance with
the manufacturer’s instructions. Amplicon
libraries were prepared using a Nextera
XT Index Kit (Illumina, San Diego, CA,
USA). Before sequencing, library qualities
were confirmed on an Agilent Bioanalyzer,
using an Agilent High Sensitivity DNA Kit
(Agilent, Santa Clara, CA, USA). DNA
concentrations were then quantified on a
QuantiFluor® RNA System using a
PicoGreen dsDNA array kit (cat. no.
P11496, Thermo  Fisher  Scientific,
Waltham, MA, USA). Sequencing libraries
were then diluted and mixed in accordance
with the instructions of the MiSeq Reagent
Kit v3 (600 cycles, Illumina). Sequencing of
bacterial 16S rDNA was performed using a
MiSeq sequencer for 2 x 300 bp double ter-
minal sequencing.

Western blotting

Total protein was extracted from the adipose
tissue using a triplePrep kit (cat. no. 28-
9425-44; ReadyPrep; GE Healthcare Life
Sciences, Waukesha, WI, USA). Protein
concentrations were determined using
a bicinchoninic acid protein assay kit
(cat. no. B9643, Sigma-Aldrich, St. Louis,
MO, USA). Approximately 25 ug/lane pro-
tein was separated by means of sodium
dodecyl sulfate—polyacrylamide gel electro-
phoresis and transferred onto nitrocellulose
membranes, as previously described."
Membranes were blocked in 5% skim milk
at room temperature for 2 hours, then incu-
bated with the following primary antibodies
overnight at 4°C: rabbit polyclonal anti-
Toll-like receptor 4 (TLR4) (cat. no.
bs-20594R; 1:100 dilution; Bioss, Woburn,
MA, USA), rabbit polyclonal anti-
phosphorylated c-Jun N-terminal kinase
(p-JNK) (cat. no. ab76572; 1:5000 dilution;
Abcam, Cambridge, MA, USA), rabbit
polyclonal anti-JNK (cat. no. ab4821;
1:5000 dilution; Abcam), and rabbit poly-
clonal anti-nuclear factor-xB inhibitor «
(IxB-2) (cat. no. ab32518; 1:1000 dilution;
Abcam). Membranes were then washed
three times and incubated with secondary
antibody (horseradish peroxidase-labeled
goat anti-rabbit IgG; cat. no. A16104;
1:10000 dilution; Thermo Fisher Scientific)
at 4°C for 2 hours. Blots were developed
using an enhanced chemiluminescence kit
(Thermo Fisher Scientific). Blots were
imaged and analyzed using Quantity One
software, version 4.62 (Bio-Rad, Hercules,
CA, USA). Levels of p-JINK were normal-
ized to the levels of JNK; levels of other
proteins were normalized to the levels of
glyceraldehyde 3-phosphate dehydrogenase.

Statistical analysis

All data were
Statistics, version

analyzed using SPSS
19.0 (IBM Corp.,
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Armonk, NY, USA). Significant differences
(P < 0.05) were determined by one-way anal-
ysis of variance with Bonferroni correction.

Results

Leptin administration reduces weight gain
caused by HFD consumption

As shown in Figure 1, the weight of mice in
the HFD group was significantly greater at
the end of the 8-week experiment, com-
pared with the weight of mice in the control
group (P<0.05). Leptin administration
(0.5mg/kg and 1.0mg/kg) effectively
reduced the weight gain caused by HFD
consumption (both P <0.05).

Leptin administration reduces endotoxin
content associated with HFD
consumption

As shown in Figure 2, the endotoxin content
was higher in the HFD group than in the

control group (P < 0.05). Leptin administra-
tion (0.5mg/kg and 1.0mg/kg) effectively
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Figure |. Leptin administration reduces weight
gain caused by high-fat diet consumption. Error bars
represent standard error of the mean. *P < 0.05 vs.
control group; P < 0.05 vs. HFD group.
Abbreviations: HFD, high-fat diet; 0.5 mg/kg, high-
fat diet + 0.5 mg/kg leptin; 1.0 mg/kg, high-fat diet +
1.0 mg/kg leptin.

reduced the endotoxin contents, compared
with the HFD group (both P < 0.05).

Leptin administration ameliorates
adipocyte morphological changes caused
by HFD consumption

As shown in Figure 3, mice in the HFD
group exhibited remarkably hypertrophied
adipocytes, with a substantially elevated
cross-sectional area. In comparison with
the HFD group, leptin administration
(0.5mg/kg and 1.0mg/kg) improved the
degree of adipocyte hypertrophy and
reduced the cross-sectional area.

Leptin administration restores
Bacteroides abundance in intestinal
microflora altered by HFD

consumption

Abundances of the phylum, class, order, and

genus of Bacteroides bacteria were reduced
by HFD consumption (all P <0.05)

ET content (EU/mI)

Control
0.5 mglkg
1.0 mglkg

Figure 2. Leptin administration reduces endo-
toxin content associated with high-fat diet con-
sumption. Error bars represent standard error of
the mean. *P < 0.05 vs. control group; #P < 0.05 vs.
HFD group.

Abbreviations: HFD, high-fat diet; 0.5 mg/kg, high-
fat diet 4 0.5 mg/kg leptin; 1.0 mg/kg, high-fat diet +
1.0 mg/kg leptin; ET, endotoxin content; EU, endo-
toxin units.
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Figure 3. Leptin administration ameliorates adipocyte morphological changes induced by high-fat diet

consumption. Scale bars = 100 pm.

Abbreviations: HFD, high-fat diet; 0.5 mg/kg, high-fat diet 4+ 0.5 mg/kg leptin; 1.0 mg/kg, high-fat diet +

1.0 mg/kg leptin.

(Figure 4a—d). In contrast, leptin adminis-
tration (0.5mg/kg and 1.0mg/kg) signifi-
cantly increased the abundances of these
bacteria at all levels, compared with the
HFD group (all P <0.05) (Figure 4a—d).

Leptin administration restored alpha
diversity in intestinal microflora altered by
HFD consumption

All four groups exhibited similar abun-
dance curves (Figure 5a). As shown in
Figure 5b, there were no differences in the
Simpson index among the groups.
Compared with the control group, the
Chaol, abundance-based coverage estima-
tor, and Shannon indexes significantly
decreased in the HFD group (all P < 0.05);
these reductions were ameliorated by leptin

administration (Figure 5c—e) (all P <0.05
vs. HFD group,).

Leptin administration ameliorated
changes in TLR4, p-JNK, and IlxB-o
expression caused by the HFD

Levels of TLR4, p-JNK, and IxB-o were
significantly higher in the HFD group
than in the control group (all P<0.05);
these increased levels were all reduced by
leptin administration (all P <0.05 vs.
HFD group) (Figure 6).

Discussion

In this study, we found that leptin adminis-
tration reduced the weight gain caused by
HFD consumption. Leptin also improved
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Figure 4. Leptin administration restores abundances of the phylum, class, order, and genus of Bacteroides,
following reductions related to high-fat diet consumption. a) Phylum, b) Class, c) Order, d) Genus of
Bacteroides. Error bars represent standard error of the mean. *P < 0.05 vs. control group; #P < 0.05 vs. HFD

group.

Abbreviations: HFD, high-fat diet; 0.5 mg/kg, high-fat diet + 0.5 mg/kg leptin; 1.0 mg/kg, high-fat diet +

1.0 mg/kg leptin.

gut flora dysfunction and reduced endotox-
in content; biochemical analysis revealed
that leptin reduced levels of TLR4,
p-JNK, and IxB-o. There results indicated
that leptin could modulate gut flora and
inflammation in HFD-induced obesity.
Obesity is characterized by an imbalance
in energy intake and expenditure; it is mainly
modulated by genetic, environmental, and
social factors.'® The incidence of obesity
increases with economic development.'’
Patients with obesity are likely to experience
asthma and other comorbid diseases.'®
In addition to physiological disorders,

obesity may cause psychological and social
adaptation problems, such as reduced self-
confidence, memory decline, mental retarda-
tion, and diminished social adaptability."”
Leptin in peripheral serum interacts with
leptin receptors, potentially inhibiting appe-
tite and increasing energy consumption.”’
In addition, leptin promotes the release of
peripheral norepinephrine and activates
adrenergic receptors on the adipocyte mem-
brane by enhancing sympathetic activity;
this process releases a large amount of
stored energy as heat and increases energy
consumption.?' Therefore, leptin plays an
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Figure 5. Leptin administration restores community diversity in intestinal microflora altered by high-fat
diet consumption. a) Hierarchical abundance curves for each group. Length on horizontal axis reflects
species richness. Shape of curve reflects species composition uniformity; b) Simpson index; c) Chaol
index; d) ACE index; e) Shannon index. Error bars represent standard error of the mean. *P < 0.05 vs.
control group; #P < 0.05 vs. HFD group. In panel a, letters denote indices (A, Simpson; B, Chaol; C, ACE; D,
Shannon) and numbers denote groups (I, control; 2, HFD; 3, 0.5 mg/kg; 4, 1.0 mg/kg).

Abbreviations: OTU, operational taxonomic unit; HFD, high-fat diet; 0.5 mg/kg, high-fat diet 4 0.5 mg/kg
leptin; 1.0 mg/kg, high-fat diet + 1.0 mg/kg leptin; ACE, abundance-based coverage estimator.



Journal of International Medical Research

TLR4

JNK
mhl-m IKB-a
AN GEEES aEmms e | GAPDH

G&“& nggwffgﬁrg

p-JNK

EA Control
E3 HF

B3 05 makg
I 1.0 mg/kg

-
o
:

-y
o
n

o
o
2

Relative protein expression

e
o

Figure 6. Leptin administration reduces TLR4, p-JNK, and IxB-x expression levels, following increases
related to high-fat diet consumption. Error bars represent standard error of the mean. *P < 0.05 vs. control

group; #P < 0.05 vs. HFD group.

Abbreviations: HFD, high-fat diet; 0.5 mg/kg, high-fat diet + 0.5 mg/kg leptin; 1.0 mg/kg, high-fat diet 4
1.0 mg/kg leptin; TLR4, Toll-like receptor 4; p-JNK, phosphorylated c-Jun N-terminal kinase; 1xB-u, nuclear
factor-«B inhibitor o; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.

important role in regulation of obesity.??
The results of this study revealed that
leptin reduced the weight of mice who con-
sumed an HFD; pathology analysis showed
that leptin could improve the degree of adi-
pocyte hypertrophy and reduce the adipo-
cyte cross-sectional area.

Obesity is also a chronic inflammatory
disease, characterized by elevated endotoxin
content.”® The level of endotoxin in the body
is reportedly increased after HFD consump-
tion.>* Our study showed that endotoxin
content in mice increased after HFD con-
sumption, but decreased after leptin admin-
istration. Moreover, HFD consumption has
been shown to cause changes in intestinal
microflora, including bacteria without cell
walls (i.e., Mollicutes).>> In addition, the
abundance and diversity of intestinal flora
are reportedly negatively correlated with
obesity.”® Our results showed that the abun-
dance of Bacteroides decreased; furthermore,
obesity reduced the diversity of intestinal
flora. The overall balance of the intestinal
microflora is important in maintenance of
homeostasis;?’ intestinal microflora are
reportedly disordered in patients with obesi-
ty.?® The results of the present study showed

that HFD consumption reduced the diversi-
ty of intestinal microflora in mice; however,
leptin administration increased the diversity
of intestinal microflora. Furthermore, the
abundance of Bacteroides significantly
decreased in the HFD group. Notably,
administration of leptin led to changes in
intestinal microflora community structure,
as well as in the abundance of Bacteroides.
Continuous HFD consumption can
induce obesity and increase expression
levels of TLR4.%° TLR4 is mainly activated
by long-chain saturated fatty acids in
animal models of HFD-induced obesity.*°
Notably, TLR4 regulates the expression of
local cytokines, while promoting endoplas-
mic reticulum stress.’’ Because TLR4 is a
primary molecular target for saturated fatty
acids, it may stimulate intracellular signal-
ing that induces inflammation and alters
appetite control.>* Our results showed that
HFD consumption could increase TLR4
expression, while leptin administration
could decrease TLR4 expression. These
results suggest that leptin can reduce
TLR4 expression in the context of obesity.
JNK is involved in many physiological
and pathological processes, such as
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embryo development, cell differentiation
and apoptosis, and the immune response.’”
Inflammatory factors activate JNK activity
in obesity.** The results of the present study
showed that HFD consumption could
increase p-JNK expression, while leptin
administration could decrease p-JNK
expression. Furthermore, IxB-o is an
important member of the IxB family,
which serves as a negative regulatory
factor in the nuclear factor (NF)-«xB signal-
ing pathway. By inhibiting the activation of
NF-xB, IxB-o can terminate the inducible
transcription of NF-xB on inflammatory
mediators.® IxB-« regulates the rapid acti-
vation of NF-xB.*® When cells interact with
specific stimuli, the IxB kinase complex can
promote phosphorylation and subsequent
degradation of the IxB-uo protein. This deg-
radation of IxB-o allows the NF-xB/Rel
dimer to translocate from the cytoplasm
to the nucleus, where it promotes the tran-
scription of target inflammatory mediator
genes.>’” Our results revealed that HFD con-
sumption led to elevated levels of IxB-u
protein, whereas leptin administration led
to reduced levels of IxkB-a protein.

In this study, we selected the TLR4 sig-
naling pathway to represent inflammation
because it plays an important role in initi-
ating the innate immune response; notably,
bacterial endotoxin-induced activation of
TLR4 signaling is responsible for inflamma-
tory disorders.”® However, we acknowledge
that additional proteins associated with the
immune response and inflammation should
be evaluated in future studies of the effects
of leptin in obesity. Notably, the JNK and
NF-xB signaling pathways are two typical
mediators of the immune response.®” In
future studies, we plan to use agonists and
antagonists of these pathways to further
investigate leptin-mediated changes in the
context of obesity.

In conclusion, leptin administration led
to improvement of obesity-related indica-
tors, presumably by increasing the diversity

of intestinal microflora and improving the
corresponding community structure, as
well as by regulating the expression levels
of the inflammation-related proteins
TLR4, p-JNK, and IxB-o.

Declaration of conflicting interest

The authors declare that there is no conflict of
interest.

Funding

This study was supported by the Science and
Technology Support Plan of Jiangxi Province
(grant nos. 20092DS15900 and 2010BSA12400)
and the Natural Science Foundation of Jiangxi
Province (grant no. 20122BAB205010).

ORCID iD

Xiaolin Li (® https://orcid.org/0000-0002-1576-
7365

References

1. Neeland 1J, Poirier P and Despres JP.
Cardiovascular and metabolic heterogeneity
of obesity: clinical challenges and implica-
tions for management. Circulation 2018;
137: 1391-1406.

2. Galgani J and Ravussin E. Energy metabo-
lism, fuel selection and body weight regula-
tion. Int J Obes (Lond) 2008; 32:
S109-S119.

3. Davis CD. The gut microbiome and its role
in obesity. Nutr Today 2016; 51: 167-174.

4. Blaut M and Klaus S. Intestinal microbiota
and obesity. Handb Exp Pharmacol 2012;
209: 251-273.

5. Boulange CL, Neves AL, Chilloux J, et al.
Impact of the gut microbiota on inflamma-
tion, obesity, and metabolic disease. Genome
Med 2016; 8: 42.

6. Ouchi N, Kihara S, Funahashi T, et al.
Obesity, adiponectin and vascular inflamma-
tory disease. Curr Opin Lipidol 2003; 14:
561-566.

7. Jones LL and Vignali DA. Molecular inter-
actions within the IL-6/IL-12 cytokine/


https://orcid.org/0000-0002-1576-7365
https://orcid.org/0000-0002-1576-7365
https://orcid.org/0000-0002-1576-7365

Journal of International Medical Research

8.

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

receptor superfamily. Immunol Res 2011; 51:
5-14.

Xu J, Bartolome CL, Low CS, et al. Genetic
identification of leptin neural circuits in
energy and glucose homeostases. Nature
2018; 556: 505-5009.

Abraham MA, Rasti M, Bauer PV, et al.
Leptin enhances hypothalamic lactate dehy-
drogenase A (LDHA)-dependent glucose
sensing to lower glucose production in
high-fat-fed rats. J Biol Chem 2018; 293:
4159-4166.

Coppari R and Bjorbaek C. Leptin revisited:
its mechanism of action and potential for
treating diabetes. Nat Rev Drug Discov
2012; 11: 692-708.

Tojo R, Suarez A, Clemente MG, et al.
Intestinal microbiota in health and disease:
role of bifidobacteria in gut homeostasis.
World J  Gastroenterol 2014, 20:
15163-15176.

Tilg H and Kaser A. Gut microbiome, obe-
sity, and metabolic dysfunction. J Clin Invest
2011; 121: 2126-2132.

Rajala MW, Patterson CM, Opp JS, et al.
Leptin acts independently of food intake to
modulate gut microbial composition in male
mice. Endocrinology 2014; 155: 748-757.

Li J, Chen H, Wu S, et al. MPP(+) inhibits
mGluR1/5-mediated long-term depression
in mouse hippocampus by calpain activa-
tion. Eur J Pharmacol 2017; 795: 22-27.
Song Z, Chen H, Xu W, et al. Basolateral
amygdala calpain is required for extinction
of contextual fear-memory. Neurobiol Learn
Mem 2018; 155: 180-188.

Li X and Qi L. Gene-environment interac-
tions on body fat distribution. Int J Mol Sci
2019; 20: pii: E3690.

Chooi YC, Ding C and Magkos F. The epi-
demiology of obesity. Metabolism 2019; 92:
6-10.

Bluher M. Obesity: global epidemiology and
pathogenesis. Nat Rev Endocrinol 2019; 15:
288-298.

Vyas V and Lambiase P. Obesity and atrial
fibrillation: epidemiology, pathophysiology
and novel therapeutic opportunities.
Arrhythm Electrophysiol Rev 2019; 8: 28-36.
Wickham EP, Stern M, Evans RK, et al.
Prevalence of the metabolic syndrome

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

among obese adolescents enrolled in a multi-
disciplinary weight management program:
clinical correlates and response to treatment.
Metab Syndr Relat Disord 2009; 7: 179-186.
Commins SP, Marsh DJ, Thomas SA, et al.
Norepinephrine is required for leptin effects
on gene expression in brown and white adi-
pose tissue. Endocrinology 1999; 140:
4772-4778.

Yi X, Gao H, Chen D, et al. Effects of obe-
sity and exercise on testicular leptin signal
transduction and testosterone biosynthesis
in male mice. Am J Physiol Regul Integr
Comp Physiol 2017; 312: R501-R510.
Kraakman MJ, Kammoun HL, Dragoljevic
D, et al. Leptin-deficient obesity prolongs
survival in a murine model of myelodysplas-
tic syndrome. Haematologica 2018; 103:
597-606.

Ye Z, Liu G, Guo J, et al. Hypothalamic
endoplasmic reticulum stress as a key medi-
ator of obesity-induced leptin resistance.
Obes Rev 2018; 19: 770-785.

Magnusson KR, Hauck L, Jeffrey BM, et al.
Relationships between diet-related changes
in the gut microbiome and cognitive flexibil-
ity. Neuroscience 2015; 300: 128-140.

Gao X, Jia R, Xie L, et al. A study of the
correlation between obesity and intestinal
flora in school-age children. Sci Rep 2018;
8: 14511.

Fang J, Wang X, Lu M, et al. Recent advan-
ces in polysaccharides from Ophiopogon
Jjaponicus and Liriope spicata var. prolifera.
Int J Biol Macromol 2018; 114: 1257—-1266.
Sun L, Ma L, Ma Y, et al. Insights into the
role of gut microbiota in obesity: pathogen-
esis, mechanisms, and therapeutic perspec-
tives. Protein Cell 2018; 9: 397-403.

Kim KA, Gu W, Lee IA, et al. High fat diet-
induced gut microbiota exacerbates inflam-
mation and obesity in mice via the TLR4
signaling pathway. PLoS One 2012; 7:
e47713.

Rogero MM and Calder PC. Obesity,
inflammation, Toll-like receptor 4 and fatty
acids. Nutrients 2018; 10: pii: E432.
Bagratuni T, Sklirou AD, Kastritis E, et al.
Toll-like receptor 4 activation promotes
multiple myeloma cell growth and survival
via suppression of the endoplasmic



Li et al.

32.

33.

34.

35.

36.

reticulum stress factor chop. Sci Rep 2019; 9:
3245.

Liu A, Chen M, Kumar R, et al. Bone
marrow lympho-myeloid malfunction in
obesity requires precursor cell-autonomous
TLR4. Nat Commun 2018; 9: 708.

Han MS, Jung DY, Morel C, et al. INK
expression by macrophages promotes
obesity-induced insulin resistance and
inflammation. Science 2013; 339: 218-222.
Farb MG, Karki S, Park SY, et al. WNT5A-
JNK regulation of vascular insulin resistance
in human obesity. Vasc Med 2016; 21:
489-496.

Kobayasi R, Akamine EH, Davel AP, et al.
Oxidative stress and inflammatory media-
tors contribute to endothelial dysfunction
in high-fat diet-induced obesity in mice.
J Hypertens 2010; 28: 2111-2119.
Matsunaga T, Shoji A, Gu N, et al. Gamma-
tocotrienol attenuates TNF-alpha-induced

37.

38.

39.

changes in secretion and gene expression of
MCP-1, IL-6 and adiponectin in 3T3-L1 adi-
pocytes. Mol Med Rep 2012; 5: 905-909.
da Silva Franco N, Lubaczeuski C, Guizoni
DM, et al. Propranolol treatment lowers
blood pressure, reduces vascular inflamma-
tory markers and improves endothelial func-
tion in obese mice. Pharmacol Res 2017; 122:
35-45.

Kuzmich NN, Sivak KV, Chubarev VN,
et al. TLR4 signaling pathway modulators
as potential therapeutics in inflammation
and sepsis. Vaccines (Basel) 2017; 5: pii:
E34.

Park JM, Brady H, Ruocco MG, et al.
Targeting of TAK1 by the NF-kappa B pro-
tein Relish regulates the JNK-mediated
immune response in Drosophila. Genes Dev
2004; 18: 584-594.



